To investigate the association of arginine methylation with myocardial function and prognosis in chronic systolic heart failure patients.
Introduction
Altered nitric oxide (NO) bioavailability is a hallmark in the pathogenesis and progression of cardiovascular diseases. Recently, studies suggest that the synthesis of NO from its precursor L-arginine may be altered by the formation of a complex series of arginine methylation pathways in the presence of inflammation and oxidative stress through degradation of cellular proteins that contain arginine residues ( Figure 1 ). In particular, two isoforms of methylarginine have been identified as potent endogenous NOS inhibitors:
1 N-mono-methylarginine (MMA) and its methylation product, asymmetric dimethylarginine (ADMA). ADMA, which accumulates in much larger quantities than MMA, has emerged as a novel cardiovascular risk factor in the setting of diseases associated with endothelial dysfunction, including type 2 diabetes mellitus, 2 coronary artery disease, 3 end stage renal disease, 4 and in heart failure. 5 Systemic accumulation of ADMA has also been implicated in the pathogenesis of heart failure. In normal healthy volunteers, intravenous infusion of low-dose ADMA can result in a rise in systemic blood pressure and impairment of cardiac output. 6 Indeed, patients with heart failure were found to have increased circulating levels of ADMA when compared with healthy controls. 7, 8 In contrast, much less is known about the role of an alternative methylation product of MMA, symmetric dimethylarginine (SDMA), in the setting of heart failure. SDMA lacks NOS inhibitory activity and is largely cleared by the kidneys. However, all methylated arginine metabolites are thought to inhibit NO synthesis indirectly as L-arginine analogues via the competitive blockade of cationic arginine transport 9 -a process shown to be impaired in the setting of chronic heart failure. 10 In contrast, other methylated amino acids products such as methyl-lysine may have limited effects on NO synthase or L-arginine transport.
11
The relative contributions of these methylated derivatives of amino acids in the pathophysiology of human heart failure and their clinical significance are currently unknown. Observations from animal models have suggested that endogenous alterations to arginine metabolism through methylation pathways may play a pathologic role. 12 Our group has recently reported the relationship between haemodynamic derangements and various simultaneously measured methylated arginine derivatives in patients presenting with acute cardiogenic shock. 13 The objective of this study is to investigate the association of arginine methylation with clinical and paraclinical measures of myocardial function and prognosis in a small well-characterized cohort of chronic systolic heart failure patients.
Methods
Study design and subject population . Plasma samples were available from 138 patients for the analysis. We excluded six patients due to renal and hepatic dysfunction, leaving the final sample size of 132 patients. Among the subjects enrolled, 40% were about to initiate beta-blocker therapy at the time of evaluation.
Plasma samples were obtained after informed consent and were processed and stored at 2808C until analysis. Plasma aminoterminal pro-B-type natriuretic peptide levels (NT-proBNP) were analysed by the Roche Elecsys commercial assay (Roche Diagnostics Inc., Indianapolis, IN, USA).
Comprehensive transthoracic echocardiography was performed to measure chamber dimensions, systolic function, and diastolic indices [including pulse-wave Doppler, colour M-mode, and tissue Doppler imaging (TDI)] as previously described. eGFR was calculated by the four-variable Modification of Diet in Renal Disease (MDRD) Study equation.
14 Clinical events (death, cardiac transplantation, or heart failure hospitalization) were followed for 33.0 + 16.4 months, and the last follow-up date was 24 March 2006. We used a combination of telephone follow-up as well as chart review from our medical records to ensure that collected follow-up data were accurate and complete. Heart failure hospitalization was defined by an admission with clinical or radiographic heart failure, which was adjudicated by an investigator who was blinded to echocardiographic results.
Sample preparation and analysis of arginine and lysine methylation metabolites Plasma (100 mL) was combined with an equal volume of 10 mM [ 13 C 6 ] arginine in water (internal standard) and mixed by vortexing. The solution was immediately diluted with 550 mL of acetonitrile. The resulting suspension was centrifuged at 3000 rpm for 15 min at 48C. The supernatant was then transferred via pipette to a labelled 13 Â 100 mm glass test tube and concentrated to dryness using a vortex evaporator. The residue was dissolved in 200 mL of 50% methanol water. An aliquot of the sample solution was injected onto a high-performance liquid chromatography (HPLC) column and the levels of NO metabolites and NOS inhibitors were quantified by LC/ESI/MS/MS analysis using an upgraded ABI 365 triple quadrupole mass spectrometer (Applied Biosystems Inc., Foster City, CA, USA) with Ionics EP 10þ redesigned source (Concord, Ontario, Canada) and electrospray ionization (ESI) needle connected to an Aria LX4 series multiplexed HPLC system with Flux pumps (Cohesive Technologies, Franklin, MA, USA). The amino acids were separated on a 250 Â 4.6 mm Rexchrom S5-100-P phenyl column (Product number 728207 Regis Chemical, Morton Grove, IL, USA) equipped with a 1 mm Â 15 mm Optimize technologies Opti-Guard Phenyl guard column (Optimize Technologies, Oregon City, OR, USA). The solvents used were 0.1% formic acid and 10 mM ammonium formate in water (solvent A) and 0.1% formic acid and 10 mM ammonium formate in methanol (solvent B). The gradient used was as follows: the column was first equilibrated with 100% A at 800 mL/min and held at this composition for 0.5 min after the injection; a linear gradient was then run to 50% B (50% A) over the next 3 min and held at 50% B Figure 1 Scheme of arginine metabolic pathways in high throughput mass spectrometry arrays. NOS, nitric oxide synthase isoforms; ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; MMA, N-mono-methylarginine; DDAH, dimethylarginine dimethylaminohydrolase; PRMT, protein arginine methyltransferases; CAT, cationic amino acid transport. for 3.5 min at a flow rate of 800 mL/min. At 6.5 min, the flow rate was increased to 1000 mL/min and the solvent composition was changed to 100% B in a linear fashion over 1 min. A linear gradient was then run to 100% A at 1000 mL/min over 0.5 min and held at this composition and flow rate for 6 min. The 8.5 min duration data window was started at 3.5 min after the injection. Mass spectrometric analyses were performed online using ESI tandem mass spectrometry in the positive ion mode with multiple reaction monitoring using parent!daughter ion transitions and retention times unique for each analyte monitored. Cone potentials and collision energy were optimized for each analyte. The actual masses for each parent to daughter ion transition are as follows: ADMA ( 
Statistical analysis
Continuous variables were summarized as mean + SD if normally distributed. Non-normally distributed continuous variables were summarized as median and inter-quartile range (IQR). Categorical variables were summarized as proportions and frequencies. Normality was assessed by the Shapiro -Wilk W-test. The Spearman's rank correlation method was used as a non-parametric measure of association for correlations between plasma ADMA, SDMA, MMA, or methyl-lysine levels and echocardiographic and clinical indexes. The plasma levels of the arginine metabolites were compared between the patients taking beta-blocker at baseline and those not using the Wilcoxon rank sum test. Kaplan-Meier survival plots were calculated from baseline to time of all-cause mortality, cardiac transplantation, or heart failure hospitalization. The log-rank test was used to test the difference in survival curves across groups. The Cox proportional hazards model was used to assess the clinical risks of increasing continuous standardized increments of methylated arginine metabolites. The proportional hazards assumption was verified with log(time) vs. log[2log(survival)] plots. The functional forms of the covariates were assessed by checking the martingale residuals. The results were adjusted for known clinical risk factors of adverse events using a multivariable Cox model. All P-values reported are from two-sided tests and a P-value ,0.05 was considered statistically significant.
The sample size of 132 participants provided about 85% power to detect a hazard ratio of 1.5 per standard deviation of the plasma levels of the arginine metabolites with a two-sided type I error rate of 5%. The power calculations assumed an event rate of 40% among the study population. The statistical analyses were performed using JMP 5.1, SAS 9.1.3 (SAS Institute, Cary, NC, USA), and PASS (Kaysville, UT, USA). The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results

Baseline characteristics of study population
Baseline subject characteristics for the overall study cohort were typical of an ambulatory chronic systolic heart failure population as illustrated in Table 1 . Overall, patients with higher plasma ADMA and SDMA levels were likely to be older [Spearman's r ¼ 0.23 (P ¼ 0.007) and 0.24 (P ¼ 0.006), respectively], while patients with elevated SDMA levels were likely to have lower eGFR [Spearman's r ¼ 20.30 (P , 0.001)]. However, such relationships were less apparent for MMA or methyl-lysine ( Table 2) .
Methylation metabolites of amino acids and cardiac function
The relation between plasma levels of methylated metabolites for arginine and lysine and echocardiographic indices of diastolic function are shown in Table 2 . In particular, both plasma ADMA and SDMA levels correlated with echocardiographic estimates of increasing LV filling pressures (including mitral E/A, mitral deceleration time, and pulmonary vein S/D ratio). All three methylated arginine metabolites correlated with mitral E/tissue Doppler septal Ea (E/E 0 ) ratios (Table 2; Figure 2 ). Similar results were observed when correlated with mean E/E 0 ratio. In addition, plasma NT-proBNP levels were associated with elevated levels of ADMA, SDMA, and MMA, but not with methyl-lysine ( Figure 3 ).
Methylation metabolites of amino acids and renal function
In the Spearman's correlation analysis, only increasing levels of SDMA were indicative of worsening renal function, as defined by decreasing eGFR [Spearman's r ¼ 20.30 (P , 0.001); Table 2 ].
Methylation metabolites of amino acids and medication use
A subset of patients was recruited in the ADEPT study prior to the initiation of their beta-blocker therapy. Patients taking betablockers at baseline had significantly lower ADMA and MMA levels compared with those not taking beta-blockers (Table 3) , whereas SDMA, L-arginine, and methyl-lysine levels did not differ significantly across beta-blocker use. No significant differences in metabolites monitored were present for patients taking vs. not taking ACE-I, ARBs, spironolactone, loop diuretics, or digoxin.
Methylation metabolites of amino acids and clinical outcomes
Over a mean follow-up of 33 + 16 months, there were 39 adverse clinical events (all-cause mortality, cardiac transplantation, or heart failure hospitalization) including 20 deaths.
In multivariable Cox proportional hazard analysis, increasing ADMA levels conferred higher hazard ratios for death alone (1.84, 95% CI: 1.22-2.67, P ¼ 0.004), death or cardiac transplantation (1.65, 95% CI: 1.19-2.21, P ¼ 0.003), and death, cardiac transplantation, or heart failure hospitalization (1.64, 95% CI: 1.20-2.22, P ¼ 0.002, Table 4 ), but increasing SDMA, MMA, and methyl-lysine levels did not. Risk for the occurrence of an adverse event associated with elevated ADMA levels remained significant after adjustment for age, LVEF, and eGFR ( Table 4) . In Kaplan-Meier analysis, increasing ADMA and SDMA levels predicted reduced event-free survival when comparing highest vs. lowest tertiles (ADMA: log-rank P ¼ 0.015; SDMA: log-rank P ¼ 0.026; Figure 4 ). Combining ADMA and SDMA values yielded similar results, although less robust than ADMA alone (data not shown).
Discussion
We observed a direct relationship between systemic accumulation of several methylated arginine metabolites and altered LV diastolic performance in a well-defined cohort of patients with chronic systolic heart failure. However, following adjustments for other co-morbidities, only plasma levels of ADMA were associated with advanced systolic dysfunction and independently predicted overall long-term adverse event rates. Taken together, our data point to the upregulation of arginine methylation pathways as being associated with the development of LV diastolic dysfunction as well as right ventricular (RV) systolic dysfunction. Alterations in the production and catabolism of endogenous NOS inhibitors remained the major mechanistic link contributing to disease progression in chronic heart failure. Protein methylation has been recognized in a wide range of biological processes, which can act epigenetically to modulate gene expression such as post-translational modification. While arginine methylation has been considered primarily an irreversible and systemic vascular process, animal studies have pointed to a potential cardiac source of methylated arginine derivatives in the setting of heart failure progression. Free cellular ADMA and MMA (but not SDMA) are hydrolyzed by dimethylarginine dimethylaminohydrolases (DDAH), which is expressed in cardiac myocytes as well as in the vascular endothelium. Indeed, progressive decline of DDAH-2 (but not DDAH-1) expression has been observed in rapid-pacing dog models. 12 Furthermore, increases in both eNOS and DDAH-1 gene and protein expression have been associated with ventricular unloading following left ventricular assist device implantation in end-stage human heart failure. 15 The first new finding is the association between arginine methylation and LV diastolic more than systolic dysfunction. Historically, endogenous NO production is believed to be integral to the maintenance of normal LV relaxation and diastolic distensibility not only due to its acute haemodynamic benefits but also to its longterm inhibition of adverse ventricular remodelling. 16 -19 In patients with heart failure, exogenous, intracoronary administration of NO donors has been shown to improve LV stroke volume and work through reduced LV filling pressure and increased recruitment of LV preload reserve. 20, 21 Increased endomyocardial inducible and endothelial NOS gene expression has also been associated with augmented LV diastolic function and reduced diastolic stiffness. 20, 22 In addition, chronic inhibition of NOS has been shown in animal models to induce progressive myocardial interstitial and peri-vascular fibrosis through a signalling cascade involving angiotensin II, aldosterone, and transforming growth factor-b mediated by endothelin. 23, 24 While ADMA and MMA may provide direct endogenous NOS inhibition, SDMA may also inhibit L-arginine transport, thereby indirectly affecting NO production by limiting NOS substrate availability. 25 Therefore, the relationship observed between all methylated arginine metabolites and echocardiographic indices of diastolic dysfunction points to a process related to heightened arginine methylation and limitation of global NO bioavailability rather than solely confined to endogenous NOS inhibition. This is further illustrated by the lack of relationship between diastolic function and methylation of non-arginine peptide, in this case methyl-lysine (which served as an 'internal control'). The close relationship between the methylated arginine metabolites and NT-proBNP is confirmatory of previous reports, 5 and also supported our hypothesis.
The second new finding is the clustering of more severe LV and RV systolic dysfunction with only elevated plasma ADMA levels and not with other metabolites of arginine or lysine methylation. There has been limited understanding of the role of SDMA in the pathophysiology of heart failure, and they are found at lower concentrations than ADMA levels in plasma. Only a small proportion of ADMA and MMA can be excreted in the urine, while SDMA is eliminated almost entirely by renal excretion. We confirmed that SDMA is a sensitive marker of renal dysfunction, and the differential relationships between ADMA and SDMA and myocardial function and outcomes may indicate compartmentalization related to its clearance mechanisms, especially if altered DDAH expression (which breaks down ADMA but not SDMA) is down-regulated with the progression of pump failure. We found that plasma ADMA and MMA levels were significantly lower in those treated with beta-adrenergic blocker vs. those not on beta-blocker therapy. This difference was not as apparent with other methylated metabolites. Improved endothelial function has been observed following beta-adrenergic blocker use, 26 and reports have linked the therapeutic benefit of selective betablockers to endogenous NO production. 27 The precise mechan-
isms are yet to be defined, but there have been data supporting the role of beta-adrenergic blockers in preventing oxidative-stress induced upregulation of PRMT expression 28 or inhibition of DDAH activity. 29 The fact that SDMA is not metabolized by DDAH may in part account for the lack of an observed inverse association between its plasma levels and beta-blocker use. An alternative explanation can be the modulation of NOS expression (the target of ADMA antagonism) by beta-adrenergic blockade.
Further studies are needed to better understand the clinical implications of therapeutic interventions targeting these cellular metabolic components such as PRMT, DDAH, or NOS in the setting of heart failure.
There are several limitations of this descriptive, cross-sectional study. The cross-sectional nature of our study population limits any direct demonstration of a cause-and-effect for different mechanistic pathways involved in the production and catabolism of methylated arginine derivatives. Furthermore, we recognize the limitations of a single time-point measurement of these metabolites that can present with significant biological variability, although it is generally accepted that tandem mass spectrometry techniques utilized in this study may provide greater precision than conventional HPLC or immunoassay analyses. In addition, there is no universally accepted quantification of diastolic dysfunction, and our analysis relied on accepted clinical criteria that have been established in the literature and in clinical practice. We also acknowledge the potential of inflated experiment-wise type I error due to multiple testing throughout the manuscript, but we chose not to adjust for a lower type I error rate (as it may lead to inflated type II error). Nevertheless, we hope our findings can stimulate interest for further investigations into how modulation of arginine metabolism can be clinically relevant.
Conclusions
Among patients with chronic systolic heart failure, accumulation of methylated arginine metabolites is associated with the presence of LV diastolic dysfunction. However, among the methylated derivatives of arginine, ADMA has the strongest association with disease progression and adverse long-term outcomes.
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